In the present work, the rear photoacoustic signal technique is used to determine thermal properties of human nails. The aging process of the human nail is analyzed through its thermal diffusivity and specific heat and using these results, thermal conductivity and thermal effusivity is determined. The study in vitro of this natural polymer showed a minimum for thermal properties to age about 20 years and an increase and possible saturation of them for ages over 50 years. The minimum value found for thermal diffusivity was close to 10 · 10 )4 cm 2 s )1 with saturation near 18 · 10 )4 cm 2 s )1 . Thermal conductivity and effusivity presents the same behavior.
INTRODUCTION
The human nail is one of the interfaces between the body and the environment, and it plays an important role in the defense of the organism. Its natural polymers present a layered structure and it is important not only in the esthetic aspect but also in the identification of diseases that can be observed through its physical aspect (1, 2) . It is recognized that both fingernails and bones contain a crucial bonding substance, which helps give them strength and nowadays it is reported that simple tests using lasers can detect low levels of bone disease osteoporosis simply by scanning a patient's fingernail. The insights pointed out that fingernails could be useful in diagnosing this disease, which may come up when a physician notices floppy nails in the patients (3) . As much in practical dermatological terms as in practical generality, the illness of the nails constitutes common complaint that demands more important and detailed study of their physical properties. In vitro and in vivo biomaterial properties of many organs (or its parts) and tissue are discussed and tabulated by Bowman et al. (4) in the Annual Review of Biophysics and Bioengineering. This review reports on properties of thermal conductivities and diffusivities of parts of bovines, cats, chicken, pigs and human. Although this review presents many thermal properties for human tissues and some human organs, the human nails have not been evaluated to date.
Recently, Sowa et al. (5) studied ex vivo human nails under antifungal therapy, using infrared spectroscopy and pointed out the need of depth profiling analysis. This analysis considers thermal parameters such as thermal diffusion coefficient. From the finding of this work one may realize that nails' thermal properties were not found in the literature (4, (6) (7) (8) (9) and that thermal diffusivity is a fundamental parameter for such depth profile analysis (10 ). Therefore, when nails were bent, cracks were always diverted transversely, parallel to the free edge of the nail. This is another important fact related to some anisotropy, which may be found in thermal properties as well. Geyer et al. (1) studying the linear nail growth for treating diseases of the nail observed that in diseases affecting the nails, an abnormal rate of growth may contribute to nail dystrophy. Bhavaraju et al. (7) proposed an experimental technique to measure the directional thermal conductivity and thermal diffusivity of materials. In addition, in swine tissue an average thermal conductivity from 61 · 10 )4 (in vivo) to 50 · 10
and average values for diffusivity ranging from 21 · 10 )4 (in vivo) to 17 · 10 )4
(in vitro) cm 2 s )1 were found (7). Shitzer et al. (2) performing simultaneous measurements of middle finger-tip temperatures and blood perfusion rates in a cold environment showed that average finger-tip temperatures (11.8-15 .5°C) varied much less than other subjects of analysis such as the average blood perfusion rates (2.8-17.0 mL b mL t
). Repka et al. (3) have discussed a study in vitro analyzing human nails under antifungal therapy. The paper presents the properties of holtmelt extruded films containing ketoconazole, the influence of nail etching on film bioadhesion and drug permeability for the assessment of topical onychomycosis therapies. Data from this study have indicated that nail samples treated with an etchant demonstrated a significant increase in both film bioadhesion and drug permeability.
The optical and thermal characterization of biological materials has attracted the attention of researchers in the photothermal field and there are several studies based on the analysis of the skin under light or laser illumination in vitro and in vivo (11) . For example, cream residence time (12) , water-keratin interactions in stratum corneum (13) , ethnic dependence of melanin content in human skin (14) and thermal diffusivity as well as laser-induced effects in the epidermis and the stratum corneum (15, 16 thermal-generated effects and others the optical absorption changes in the skin under perfusion of some substances, cream rubbing and so on. The use of photoacoustic effect arose after Rosencwaig introduced the first theory for this effect in solid materials (17) and since then, many authors have used this effect to develop alternative methodology. Among them is the proposal (18, 19) of a minimum volume cell applied to spectroscopic and thermal properties measurements based on the rear illumination instead of that originally proposed by Rosencwaig.
Thus, in this paper the rear photoacoustic signal technique is applied owing the measurement the thermal diffusivity of the human nail for people of different ages. Furthermore, as a complementary experiment, through the method of thermal relaxation (20) , the specific heat of the nail was determined for a complete analysis of thermal properties evaluation with age.
MATERIALS AND METHODS
Materials. The human nail presents in the composition three main layers (5) . A hard and more external layer called the dorsal layer. An intermediate layer, more flexible and the ventral layer, composed of cellular layers. This structure is a result of the cutaneous production of compacted and hardened queratin, named oniquine, that is composed of proteins, sulfur, cystine, argine, water (7-16%), calcium and iron. In Fig. 1a the chemical structure of queratin, the main protein (natural polymer) of the nail is observed. The top bold portion of this structure is known as a-aminoacids. Proteins like queratin are known as polypeptides (21); have a defined order relating to the amino acid groups forming the natural polymer. Looking at the other part of the chemical structure of queratin (Fig. 1a) , the radical determines the properties of the protein. Differently of the silk (derived from glycine and alanine), queratin contains not only a vast variety of amino acid but also a particularly great amount of cystine. As a result the polypeptides chains are on (disulfur linking) in such way that queratin is a polypeptide with interconnections. It shows a reasonable extensibility, particularly in high temperatures and in contact with humidity. Probably, under these conditions, some of the disulfur links are broken. Based on the above character of fingernail, it is clear that physical properties are very important for such a complex organ. The samples of human nails used for the measures of thermal properties were of seven healthy volunteers (range 16-53 years; 86% constitutively light white skin; male = 30%) therefore, transparent, smooth and soft. Test samples were taken from at least three fingernails to get better control of the possible dispersion. The nail was cut and files for the withdrawal of the internal surface layer (Fig. 1b) , which resulted in an average thickness (260 ± 7) · 10 )6 m and diameter about 6 mm, enough for photoacoustic (PA) experiment with an open cell (Fig. 2) .
The nail was painted in black to guarantee the opacity of the sample, and the thickness was measured with a digital micrometer (Digimatic Mytutoyo) having an accuracy of 1 lm.
Photoacoustic signal. The PA cell consists of a narrow column of gas having a minimal volume and in the cylindrical form. The configuration uses an acrylic-made cell body having dual side illumination possibilities but only the rear illumination was used here. The gas column is closed from one side with a sapphire window and the other side is closed with the nail sample itself. The chamber leads to a double way duct, one that binds to the chamber of the Sennheiser microphone and the other that binds to a removable screw used for safety during replacement of samples and in order to guarantee the same chamber pressure for all sample measurements.
The generation of the photoacoustic signal is mainly from the expansion and the contraction of the narrow adjacent layer of gas in contact with the warm surface of the sample, predicted and well imposed by Rosencwaig-Gersho (RG) thermal piston model (17) . For a dual side illumination fashion, a modified RG model is used for a rear illumination using a condition that assures strong absorption near the sample surface, thus the thermal diffusion model leads us to the pressure variation in the chamber as (18):
P(x) is the chamber pressure and it is a function of modulation of light (x = 2pf) for an opaque material. In (Eq. 1) c = c p ⁄ c v is the specific heat ratio; P 0 and T 0 are the ambient pressure and temperature; I 0 the flux of light monochromatic incident; k i and a i are the thermal conductivity and diffusivity, respectively; i = ''g'' (gas) and i = ''s'' (sample); the complex parameter r i = (1 + j)a i is frequency dependent. The limiting cases are given for two situations: thermally thin l s a s << 1, where pressure is dependent on f )3 ⁄ 2 , and for thermally thick l s a s >>1, with signal decaying exponentially with frequency as
In the first situation, calibration is generally needed for the electret microphones as they are not flat in low frequency range and the response is obtained. For a thermally thick situation, the thermal diffusivity can be calculated from the exponential dependence of the signal that allows one to fit the parameter b ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi p' 2 =a s p and so forth the thermal diffusivity as thickness is known.
For this experiment the Sennheiser electret microphone with 10 mVPa )1 of sensibility was used for supporting the nail piece and this sample was illuminated in the external surface (see Fig. 1b 
RESULTS AND DISCUSSION

Thermal diffusivity
The measurements for the thermal diffusivity were performed in the range from 6 to 100 Hz as this fits very well the experimental condition needed for this technique when rear illumination is used. Figure 3 shows typical signal decay for nail sample as a function of chopping frequency. The logarithm graphic shows that the model is valid in the range of frequencies used here, behaving as a thermally thick sample.
After fitting the photoacoustic signal dependence, which supplies parameter b, the thermal diffusivity is calculated. In previous studies (22) we find values of (7. (23)]. As far as we are aware, this is the first time that one obtains the thermal diffusivity for a human nail using direct measurement of a thermal coefficient of diffusion.
In one-second stage, the values for thermal diffusivity as a function of the age were determined. The dependence of the signal with frequency presents a peculiar slope for each sample but all were similar to that shown in Fig. 3 . The thickness (l s ), thermal diffusivity (a), the mean value of the specific heat (c p ), conductivity (k) and thermal effusivity (e) of the samples are presented in Table 1 .
In Fig. 4 , the thermal diffusivity evolution with the age is observed pointing to a nonlinear increase (da ⁄ a 0 $ 63%) with the age, with a possible stabilization for higher ages (53 years measured limit). Perhaps one of the reasons of this fact is the loss of proteins (as queratin) with aging. The variation in the results for young individuals can be caused by the process of formation and growth (of the proper aging). The average growth rate for nails is 0.1 mm each day but the exact rate of nail growth depends on numerous factors including the age and sex of the individual. Fingernails generally grow faster in young people, which might be related to the minimum observed in Fig. 4, near 20 years. This is probably due to the actual stage of protein consolidation in queratin.
Although the set of samples have different ethnical sources, the only influentially factor in the thermal diffusivity is age (or perhaps losses of protein), as the density of mass, measured using the Picnometer method (graduated 10 ml), were found constant for three evaluated age bands (20, 32 and 52 years) q $ (1.27 ± 0.01) g cm .
Specific heat
The specific heat of the human nail was measured at room temperature using the non-adiabatic method of thermal relaxation (21) . It is derived in the same way by fitting data Table 1 . Thermal properties* of human nails calculated using q (mean) $ (1.27 ± 0.01) g cm ) 3 and c p(mean) $ (1.68 ± 0.04) (J g to s and to DT max . The results can be observed in Fig. 5 , for all six sample ages (22, 35, 43, 45 and 53 years old). The value calculated varied from 1.5 to 1.7 with an averaged value cp $ (1.68 ± 0.04) J g )1 K )1 . This result would be expected as the morphologic structure does affect so much this parameter from sample to sample, as it is expected for thermal parameter.
Thermal conductivity and effusivity
The thermal conductivity and the effusivity of the samples were calculated using the relations a = (k ⁄ qc p ) and e = (kqc p ) 1 ⁄ 2 . These results are observed in Table 1 . In Fig. 6 is observed the trend for thermal effusivity (Fig. 6a ) and thermal conductivity (Fig. 6b) . One can observe that the thermal effusivity that depends on (k) 1 ⁄ 2 presents a small increase (de ⁄ e 0 $ 33%) with the aging of the human nail, suggesting that the heat flow due to the contact does not present significant variations with age. This parameter is very representative of heat flow in between layers in contact, for which a good thermal matching is needed. On the other hand, the thermal conductivity that depends on diffusivity a presents similar behavior to that of Fig. 4 , which increases (dk ⁄ k 0 $ 65%) with age, the conduction of heat also has a minimum near age 20 years and increases with aging reaching saturation after age 50 years.
Thermal evolution
The discussion above can be better supported by means of the evolution shown in Figs 
The parameters of this biphasic pharmacology function dm, d1, ds, i1, i2, t1 and t2 are defined in the columns of Table 2 . The first inflection point is found near the age of 16 years and the second at age of 32 years. Data in the rightmost column of Table 2 are from the first derivative of (Eq. 3), which supplied the age at the minima fitted, dm. The most important for instance might be the existence of a minimum for ages close to 20 years and the saturation trends for all thermal properties for ages above 32 years.
Finally, by means of the determination of the thermal diffusivity, the thermal diffusion length of the human nail was determined to be of the order 38 lm. These results were used in the spectroscopic evaluation of antifungal agent's penetration into human fingernails (24) , which constitute a very important study for the development of new therapeutic formulations.
CONCLUSION
Through the rear photoacoustic signal technique, the value for the thermal diffusivity of the human nail was measured as a function of age. The results showed an increase and possible saturation of thermal diffusivity with age. The average value for a was $13.7 · 10 )4 cm 2 s )1 , which agrees with values normally found for other similar human tissue and polymerlike materials. We believe that the value found here can be very worthy when tabulated as it may be used for any drugs delivery studies that need to take into account the heat propagation as well as to know or calculate the depth profiling of therapeutical substances applied to fingernails.
